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Abstract The harlequin ladybird, Harmonia axyr-
idis, is an important natural enemy of aphids through-
out the world, but is now also considered an invasive
alien species. We performed a meta-analysis of
published life history data to address the question
whether invading populations in Europe and North
America have life history parameters that differ from
native populations in Asia, explaining the beetle’s
invasion success in new territories. In this meta-
analysis, we accounted for important covariables that
are often reported in published studies such as
temperature, food source (aphids or eggs of Ephestia
kuehniella), strain (laboratory or field populations)
and photoperiod. Temperature was a key factor having
consistent large effects on development rate, survival
and reproductive characteristics of H. axyridis. Food
source, strain, and photoperiod had effects on some,
but not all characteristics, and their overall effect
across characteristics was minor. Individuals of inva-
sive populations had a shorter pre-oviposition period
and higher fecundity at low temperatures than those of
native populations, and a greater longevity across all
temperatures. No differences in survival were found
between native and invasive populations, while
differences in development rate were not consistent,
with opposing results obtained according to the way
development rate was measured in trials reported in
the literature. Results of this meta-analysis support the
hypothesis that the life history of the beetle has
changed during its invasion into North America and
Europe. Invasive populations had a shorter pre-
oviposition period and higher fecundity at low tem-
peratures, as well as a greater longevity across all
temperatures than native populations. These differ-
ences may partially explain the invasive success of H.
axyridis.
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Introduction
The harlequin ladybird Harmonia axyridis (Pallas)
(Coleoptera: Coccinellidae) was introduced to various
areas of the world as a biological control agent of
aphids. It was taken to the USA in 1916 and numerous
releases followed, with the first established population
recorded in 1988 (Chapin and Brou 1991). Introduc-
tion into Europe took place in 1982 and the first
established population was found in 2000–2001
(Brown et al. 2011). In autumn 2002 it was recorded
in the field in the Netherlands (Cuppen et al. 2004) and
by 2006 it had spread throughout the country (Brown
et al. 2008). The species is now established in 40
countries in Europe, three countries in North America,
most countries in South America and four countries in
Africa (Brown 2013; Roy et al. 2016).
After initial enthusiasm about the effectiveness of
H. axyridis as a biological control agent, concern has
risen on its side effects. First of all, there is worry
about competitive displacement of native ladybirds
(Evans et al. 2011). Secondly, the beetles cause
damage when feeding on soft fruit (e.g. grapes; Ko¨gel
2012) and on flowers of cultivated fruit (e.g. date; Li
et al. 1992). Thirdly, the beetle is considered a
nuisance due to its aggregation in and around homes
for overwintering (Wang et al. 2011) and people may
develop allergies (Goetz 2008). Because of these
negative impacts, the beetle is currently considered an
invasive alien species (Brown et al. 2011) and is no
longer commercially available in most of Europe (van
Lenteren 2012).
The invasion of H. axyridis has stimulated research
on its natural history, and many reviews have appeared
on various aspects of ecological relationships, its
invasion process and negative impacts. A major issue
is the effect of its establishment on native ladybirds
and other non-target organisms (Majerus et al. 2006).
Its invasion history and quick spread over Europe were
discussed in several papers (e.g. Brown et al. 2008;
Poutsma et al. 2008). Its dominance in intraguild
predation, possibly resulting in a decrease of popula-
tions of native ladybirds, has received much attention
(e.g. Pell et al. 2008). Also, the limited effect of
European natural enemies in reducing H. axyridis
populations (Raak-van den Berg et al. 2014; Roy et al.
2011) and methods of managing this invasive species
have been considered (Kenis et al. 2008).
A question that has not received much attention in
these reviews is whether invasive H. axyridis have a
different life history compared with those in the area of
origin (but see Sloggett 2012). Rapid evolutionary
changes during invasion are common in plant and
animal species (e.g. Whitney and Gabler 2008).
Changes in life history characteristics of the beetle
may have contributed to the invasive success of the
species. Variation in life history characteristics
between coccinellid populations from different geo-
graphic origins has indeed been found in some studies
(e.g. Obrycki and Tauber 1982), but not in others (e.g.
Phoofolo and Obrycki 1995). Differences between
invasive and native populations of H. axyridis might
be explained by the following mechanisms: (1)
sampling effect: a non-random sample with a strong
temperature response is the source of the invasive
populations; (2) admixture of two geographically
distinct native populations (Blekhman et al. 2010;
Lombaert et al. 2011), which in turn have admixed
with the European biocontrol strain (Lombaert et al.
2010); (3) purging of deleterious alleles at the
bottleneck of the invasive process (Facon et al.
2011); and (4) captivity rearing, stimulating fast
development and high fecundity, which has changed
the biocontrol strains that have been introduced
(Tayeh et al. 2012).
A quantitative analysis of data is needed to
establish whether native and invasive populations of
the beetle do differ in life history characteristics. We
conducted a meta-analysis on life history characteris-
tics data of H. axyridis. Meta-analysis examines the
results from multiple studies to synthesize findings in a
quantitative manner and increases the statistical power
by combining data (Glass 1976). In meta-analyses data
are not filtered by the personal views of the researcher
and these are, therefore, regarded as a more objective
way of synthesizing information from the literature
than narrative reviews (Koricheva et al. 2013). Here
we use meta-analysis to combine results of studies on
the life history of H. axyridis in order to test the
hypothesis that life history characteristics of isolates
of H. axyridis in the invasive range (e.g. America,
Europe) differ from those in the native range (Asia). In
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order to raise the sensitivity of this analysis we
consider covariables that are likely to affect life
history characteristics: temperature, food source,
whether the beetle had been cultured for a long time
under laboratory conditions, and photoperiod during
the experiments. Because insects are poikilothermic
we expect that temperature influences all life history
variables for development, survival, pre-oviposition
period, generation time and daily fecundity (Logan
et al. 1976).
We use model selection to identify the most
satisfactory model and ask what is the best model
explaining each life history characteristic, and what
are statistically equivalent models. We then interpret
the outcomes to answer our main questions: do life
history characteristics of H. axyridis differ between
the invasive and native range and can these differences
explain its invasion success?
Methods
Data collection
Studies from 1900 onwards on life history character-
istics of H. axyridis were gathered by literature
searches in CAB abstracts, ISI Web of Science,
Biological records, Zoological records, and Agricola,
using the search term ‘Harmonia axyridis’ in the
search fields for title, abstract, text, and keywords.
Further references were found by checking bibliogra-
phies of the retrieved papers and previously published
reviews. The last search was conducted in July 2016.
Papers were selected that contained original empirical
data on life history characteristics (Table 1). Four
inclusion criteria were used: (1) conducted under
biologically relevant temperatures (14–35 C), (2)
with unlimited supply of aphids or Ephestia kuehniella
Zeller (Lepidoptera, Pyralidae) as food, (3) conducted
during summer; and (4) using normal, winged beetle
genotypes. A total of 82 publications (listed in
Supplementary Information 1) met the inclusion
criteria. Further details on data collection and methods
are given in Supplementary Information 2. Raw data
are available at http://dx.doi.org/10.17026/dans-zt7-
dhb6.
The key life history characteristics for any organ-
ism are development rate, survival and reproduction
(Caswell 2001), but there are many different ways in
which these may be measured, e.g. for separate larval
instars or for the larval stage as a whole. To
accommodate differences between studies, we use in
our analyses 22 different life history characteristics as
response variables. Both development rate and frac-
tion survival over the whole duration of a stage were
defined as response variables for nine developmental
stages: (1) egg, (2) L1, (3) L2, (4) L3, (5) L4, (6) pupa,
(7) larva, (8) ‘larva plus pupae’, and (9) total immature
stage. Four life history characteristics were considered
for the adult: pre-oviposition period, longevity, gen-
eration time and daily fecundity.
Table 1 Overview of the data (number of studies and number
of data points) from the literature search
Response variable Studies Data points (# individuals)
Development
Egg 18 50 (8268)
Larva 1 28 73 (6338)
Larva 2 31 79 (5940)
Larva 3 31 80 (5999)
Larva 4 32 84 (6432)
Larva 43 142 (7975)
Pupa 29 84 (6385)
Larva ? pupa 40 112 (8552)
Immature stages 23 82 (9544)
Survival
Egg 29 92 (269,118)
Larva 1 10 20 (2677)
Larva 2 9 22 (2609)
Larva 3 11 23 (27,710)
Larva 4 11 24 (2673)
Pupa 13 23 (2726)
Larva 13 34 (3662)
Larva ? pupa 23 38 (3471)





Generation time 13 56 (3828)
Fecundity 33 72 (2668)
Longevity 16 42 (3081)
The third column shows the total number of data points
available for each response variable with between brackets the
total number of individuals on which these data points are
based
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Data processing
Durations of the development stages were converted
to rates of development by taking the reciprocal:
DVR = 1/duration (De Wit and Goudriaan 1978). The
same was done for the pre-oviposition period and the
total generation time reported in publications. Survival
was defined as the fraction surviving a stage or a
sequence of stages. Daily fecundity was calculated as
the average number of eggs laid per day over a defined
period. Factors or factor levels were excluded from
analysis if too few data were available and factors
were merged if this was necessary to avoid strongly
unbalanced designs (e.g. due to empty cells, see
Supplementary Information 2 and Supplementary
Information 3 for details).
Model fitting and model selection
All statistical models were fitted to the data as linear
mixed effects models using the function lmer from the
R package lme4 (Bates et al. 2015). ‘Study’ was
modelled as a random effect, to account for differ-
ences between studies that are not accounted for by
fixed effects of the five categorical variables included
in the model (Zuur et al. 2009). First, the most
complex model was constructed for each response
variable. Then, all possible less complex models that
could be assembled with the factors of the most
complex model, were fitted to the data using the R
function dredge from the R package MuMIn for multi-
model inference (Barton 2014, R version 3.0.2). Data
records were weighted according to the square root of
the number of individuals used to measure the life
history characteristic.
In the fitted models, temperature was included as a
continuous variable, as it was reported in all studies
and it is well established that life history characteris-
tics of insects are determined by temperature (e.g. De
Wit and Goudriaan 1978; Logan et al. 1976).
Furthermore, four categorical variables were included:
geographic origin (O: native (Asian) or invasive),
photoperiod (P: 14 h light, 16 h light, or natural
daylight, i.e. no artificial control of photoperiod), food
(F: aphid or Ephestia), and strain (S: laboratory reared
or wild i.e. field-collected not more than four gener-
ations ago). In analyses of longevity we also included
the categorical variable ‘sex’ (G).
Development rates (including the rates of pre-
oviposition period and generation time) were fitted as
linear functions of temperature and covariables. Daily
fecundity was fitted with a parabolic function of
temperature. In the full models (with most factors
included) for the eleven development rates, longevity
and fecundity, each factor and its interaction with
temperature was at least included. The first-order
interactions were included in the order O 9 P, O 9 F,
O 9 S, O 9 G, P 9 F, P 9 S, P 9 G, F 9 S, F 9 G,
S 9 G, as long as the model could be fitted (i.e. no
singular model matrix resulted during estimation). The
models for survival included higher powers of the
temperature up to the fourth power to account for non-
linear relationships. For survival of the single stages
the factor strain and the combined factor origin-
photoperiod were included along with their interaction
with temperature. Survival of the egg, larva, ‘larva
plus pupa’ and all immature stages had a most
complex model with all or almost all combinations
of origin, photoperiod, food and strain and their
interaction with temperature. Here, the first-order
interactions were included in the order O 9 P, O 9 F,
O 9 S, P 9 F, P 9 S, F 9 S, as long as the model
could be fitted.
The best models were selected using Akaike’s
Information Criterion corrected for small sample size
(Bolker 2008). The ‘best model’ or, equivalently, most
supported model is characterized by the lowest AICc
value among the ‘set of most supported models’ i.e.
the set of models within the interval DAICc\ 2 that
are considered equivalent (Hilborn and Mangel 1997).
We used Ockham’s razor (principle of parsimony) to
choose within this set of most supported models, the
‘most parsimonious model’ i.e. the model with the
least number of parameters. These models are shown
in Figs. 1, 2 and 3. An overview of the 20 best models
for each life history characteristic is available at http://
dx.doi.org/10.17026/dans-zt7-dhb6.
Overview of life history parameters for native
and invasive H. axyridis populations
To enable a comparison between native and invasive
populations, we constructed a summary overview of
different life history parameters as a function of
temperature. Life history parameters were predicted
for 15, 20, 25 and 30 C, using for predicting the ‘set
C. L. Raak-van den Berg et al.
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of best origin models’ consisting of either: (1) the most
parsimonious model, or (2) the best model (with
lowest AICc) that contained origin as a fixed factor.
The latter was done if the most parsimonious model
did not contain origin and a model with origin as a
factor was within the set of most supported models.
Two predictions of each life history characteristic are
given: for native populations and for invasive popu-
lations. A single prediction was given if the set of most
supported models did not include a model with origin
as an explanatory variable. The predicted life history
characteristics at different temperatures were calcu-
lated for wild, aphid-fed populations under long-day
conditions if these factors were included in the most
parsimonious or best origin model.
Results
Temperature had a large and consistent influence on
all life history parameters. Therefore all fitted models
are shown as functions of temperature with other
selected variables as categorical covariables modify-
ing the relationship to temperature. Fitted lines in
these figures may not go through the centre of gravity
of the data. This is a common phenomenon with mixed
effects models resulting from the unequal weighting of
different points in relation to sample size and the
nested data structure resulting from experiments being
nested within publications. Below, a description is
given of the most parsimonious models for each of the
22 life history characteristics. In 15 out of 24 cases, a
‘best origin model’ was included in the set of most
supported models, but not in the nine other cases,
indicating that the explanatory value of origin was too
small to justify its inclusion in the model.
Models for development rate
All models for development rate show a linear
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Fig. 1 Development rate of
a egg, b larva, c pupa, and
d immature stages of H.
axyridis. Data points from
literature are represented by
symbols. Fitted relationships
of the most parsimonious
model are represented by
lines that are only shown
when data are available for
that set of factors. Legends
show the combination of
factors. Geographic origin:
native (Nat) or invasive
(Inv). Photoperiod: short
(14 h), long (16 h), or
natural (Natu). Strain: wild
or reared
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Development rate of the egg stage
Eggs from wild populations developed faster than eggs
from reared populations across all temperatures
(Fig. 1a). Strain was the only factor modulating the
temperature effect.
Development rate of the larval stage
Reared populations during larval development
responded more strongly to temperature increase than
wild populations (Fig. 1b). However, the most parsi-
monious models for separate larval stages included
photoperiod (L1) or geographic origin (L2–L4) in
addition to temperature (Supplementary Information 3).
Development rate of the pupal stage
The most parsimonious model for pupal development
(Fig. 1c) only contained a response to temperature.
Development rate of the larval plus pupal stages
Development during larval plus pupal stages showed a
stronger response to temperature for reared than for
wild populations, similar to the model for larval
development. For both reared and wild populations,
development was faster under short-day conditions
than under long-day conditions.
Development rate of the egg plus larval plus pupal
stages
Immature development rate increased with temperature.
Invasive populations responded more strongly to tem-
perature than native populations, with invasives devel-
oping faster at high temperatures than natives at the same
photoperiod. In both native and invasive populations,
development was faster under short-day than under
long-day conditions. In native populations, development
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Fig. 2 Survival of a egg,
b larva, c pupa, and
d immature stages of H.
axyridis. Data points from
literature are represented by
symbols. Fitted relationships
of the most parsimonious
model, are represented by
curves that are only shown
when data are available for
that set of factors. Legends
show the combination of
factors. Photoperiod: short
(14 h) or long (16 h). Food:
aphid (Aph) or Ephestia
(Eph). Strain: wild or reared
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Models for survival
Temperature had a strong effect on survival and this
effect was best described with a polynomial of an
order between two and four. The resulting responses to
temperature were optimum curves with a plateau or
optimum in the range of 20–30 C (Fig. 2). Survival
of most stages decreased to zero at temperatures
around 35 C. There was still survival at 14 C, but
due to lack of data below 14 C a lower threshold
temperature could not be assessed.
A majority of the most parsimonious models
contained temperature as the single explanatory vari-
able. Exceptions were the models for the egg stage
(food and strain as additional variables), L3 (photope-
riod and origin as additional variables) and immature
survival (photoperiod as additional variable).
Survival during the egg stage
The survival of eggs laid by reared populations of
H. axyridis was substantially higher when ladybirds
were fed on aphid food rather than Ephestia,
while this difference was present but smaller for
H. axyridis populations collected in the wild
(Fig. 2a).
Survival during the larval stages
Survival in the larval instars was a function of
temperature only, with a maximum fraction survival
of 0.903 at 23.5 C and a broad range of temperatures
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Fig. 3 Adult parameters of
H. axyridis a 1/pre-
oviposition period,
b longevity, c 1/generation
time, and d daily fecundity.
Data points from literature
are represented by symbols.
Fitted relationships of the
most parsimonious model
are represented by lines (a,
b, and c) and curves (d) that
are only shown when data
are available for that set of
factors. Legends show the
combination of factors.
Geographic origin: Native
(Nat) or invasive (Inv).
Photoperiod: short (14 h),
long (16 h), or natural
(Natu). Food: aphid (Aph) or
Ephestia (Eph). Strain: wild
or reared
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Survival during the pupal stage
Survival of the pupal stage was a function of
temperature only, with a plateau at a fraction survival
of 1.00 at temperatures from 17.5 to 19.2 C. For a
broad range of temperatures (16–28 C) fraction
survival was above 0.96 (Fig. 2c).
Survival of the entire immature life stage (egg-pupa)
Survival of the entire immature stage (egg-pupa) was
higher (but few data) under short-day conditions
(14 h) as compared to long-day conditions (16 h). The
highest fraction survival under short-day conditions
was 0.85 and under long-day conditions 0.67, both at
22 C. At both short and long day length, 0.9 or more
of the maximum survival was reached between 18.5
and 25.5 C (Fig. 2d).
Models for the adult stage
Pre-oviposition period
In addition to temperature, the most parsimonious
model for pre-oviposition development included all
explanatory variables, except geographic origin
(Fig. 3a). Results should be interpreted with caution
because of the potential of collinearity between
explanatory factors.
Longevity
Most of the non-hibernating adults of H. axyridis have
longevities between 22 and 100 days. Longevity
(Fig. 3b) decreased with temperature. Average long-
evity was longest for wild, Ephestia-fed populations
(124 days at 20 C), shorter for wild, aphid-fed
(92 days at 20 C) and reared Ephestia-fed popula-
tions (87 days at 20 C), and shortest for reared aphid-
fed populations (56 days at 20 C). For Ephestia-fed
populations only data in a small temperature range
were available, which hinders a robust comparison
with aphid-fed populations. The most parsimonious
model did not contain an effect of geographic origin,
sex, photoperiod, or food.
Generation time
The rate at which generations follow each other
(calculated as the inverse of generation time; Fig. 3c)
increased with temperature. The response to temper-
ature was stronger under long-day than under short or
natural-day conditions.
Reproduction
Fecundity was highest for Ephestia-fed, invasive
populations: 38.5 eggs per day at 29 C. Lowest
fecundity was found for native populations. The fitted
model indicates that aphid-fed, invasive populations
have a lower optimum temperature for fecundity (28
eggs per day at 19 C) than the invasive populations
that are fed on Ephestia or than native populations
(Fig. 3d).
Effects of origin of H. axyridis on life history
parameters
Analysis of the effect of geographic origin in the set of
‘best origin models’ gave contradictory results for
development rate (Table 2). On the one hand, the pre-
adult development (from egg to adult eclosion) was at
all temperatures shorter for the invasive populations
than for native populations. On the other hand, models
for the development of some of the single stages of
invasive populations, except the egg stage, as well as
for all larval stages together and for larval plus pupal
stages, indicated that development takes longer for the
invasive populations. Therefore, the literature points
to differences between invasive and native popula-
tions, but an analysis of separate stages gives a
different outcome and conclusion than an analysis of
the rate of development through all the pre-adult
stages taken together.
Regarding survival, the overall outcome of the
meta-analysis is a lack of effect of geographic origin,
or a small effect. Substantial effects of geographic
origin were found in the adult stage. The pre-
oviposition period at lower temperatures was shorter
in invasive populations, longevity of invasive popu-
lations tended to be longer than that of natives across
all temperatures, and invasive populations had at
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lower temperatures a shorter generation time and
greater daily fecundity than did native populations.
These differences hold for the mean values predicted
by the ‘best origin model’, but confidence intervals
from the fixed effect models overlap. Therefore, these
differences are not significant and need to be inter-
preted with caution.
Discussion
The debate on whether invading populations in Europe
and North America have different life history param-
eters than native populations in Asia can partly be
settled. Our meta-analysis of a worldwide dataset
consisting of 82 studies shows differences in life
history characteristics between native and invasive
populations. Individuals of invasive populations had a
shorter pre-oviposition period and higher fecundity at
low temperatures than those of native populations, and
a greater longevity across all temperatures.
Below we first discuss our findings for the covari-
able temperature and each of the four factors and,
where possible, we relate them to results of other
studies. Next we interpret the outcomes to answer our
main questions: does H. axyridis have different life
history characteristics in the invasive range as com-
pared to the native range and can these differences
explain its invasion success?
The covariable temperature was included in all of
the most parsimonious models, supporting the major
effect of temperature on insect development (Logan
et al. 1976). For the survival parameters, temperature
was usually the only explanatory variable selected in
the most parsimonious model.
The factor photoperiod was included as an explana-
tory variable in five of the most parsimonious models
that cover development rate (including the pre-ovipo-
sition period). Synthesis of data in this meta-analysis
does not reveal any consistent photoperiod effect on
developmental rates or survival. The only study
comparing the effect of 14 h period with 16–18 h
photoperiod on development (Reznik and Vaghina
2011), likewise did not find an effect of photoperiod.
Food emerged as an explanatory variable in only
four of the most parsimonious models: three models
for adult parameters and one for survival. The
estimated effects were not consistent. Several indi-
vidual studies directly compared the effect of Ephestia
and aphid diets but the results were inconsistent (e.g.
Ko¨gel et al. 2012; Nedveˇd and Kalushkov 2012;
Rodrigues et al. 2013). These inconsistencies were
carried over into the meta-analysis. Almost no data
were available for native Ephestia-fed populations,
and half of the invasive Ephestia-fed populations were
laboratory strains: food type effect was therefore
confounded with origin and strain. We only contrasted
‘Ephestia’- and ‘aphid’-diets, variation in diets of
aphid species with different quality may partly explain
the low explanatory power of food in our models. In an
initial exploration we did not find any consistent effect
across studies of aphid species as food.
Laboratory rearing may select for fast develop-
ment, short longevity, and high fecundity (Tayeh et al.
2012). The effect of rearing was, however, not
consistent amongst studies comparing reared and wild
strains (e.g. Berkvens et al. 2008a, b; Turgeon et al.
2011). Seven of the most parsimonious models
included the factor strain. The meta-analysis shows
that reared populations have shorter longevity and in
some cases faster development (larva and ‘larva plus
pupa’ but only for temperatures higher than 22 C),
but egg development of reared strains was slower.
Datasets from the literature are almost inevitably
unbalanced because an overarching experimental
design is lacking. The dataset used here was no
exception: for invasive populations 48% of the data
points originated from laboratory reared strains,
compared with only 12% for the native populations
(Supplementary Information 3). While such imbal-
ances affect the ability to draw conclusions, the effect
of strain in the analyses confirms the common notion
that laboratory reared insects differ in life history
parameters from wild insects.
The meta-analysis used data from studies under
controlled conditions. Hence the resulting models are
for controlled conditions. Data collected in field
studies in which no temperature was measured,
yielded data for development and adult parameters
that were in the same range of the data used for the
model fitting. Development data for larva, pupa, ‘larva
plus pupa’ and pre-adult development (Sakurai et al.
1993) and longevities (Katsoyannos et al. 1997) were
close to the fitted relationship, while fecundities
(Bazzocchi et al. 2004) were lower than the fitted
relationship. Thus, the models for development and
adult parameters, could, with some caution, be used to
interpret field situations.
C. L. Raak-van den Berg et al.
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As expected, survival was for all stages usually
substantially lower in the field than in the laboratory.
Only the values for egg survival were similar for field
and lab studies. The results suggest that most variation
in immature survival occurs in the egg stage, as those
of the other separate stages did not vary (always more
than 83% survival). However, in the field the larval
stage explains most variation in survival, not the egg
stage (Kindlmann et al. 2000; Osawa 1993). Larval
mortality tends to be density-dependent (Osawa
1993). The larvae suffer from intraguild predation
and cannibalism when prey density drops (Yasuda and
Shinya 1997). There are various other explanations for
variable mortality in the wild, such as (escape from)
parasitism (Comont et al. 2014). The discrepancy
between data on survival in the field and under
laboratory conditions suggests that caution is needed
when extrapolating laboratory data on survival to field
circumstances.
Meta-analysis aims to synthesise data from many
studies and reach overarching conclusions. One sur-
prising overarching finding in this study is the lack of
accordance in responses of development time to
origin, which represents the breadth of findings and
reflects the ambiguous effects of geographic origin
reported in the literature. Most separate stage analyses
indicate that natives develop faster, the pupal stage
shows no effect, and the entire pre-adult development
points towards faster development in invasive popu-
lations (Table 2). Different datasets underlie these
opposing results of our analyses. The datasets of the
separate stages and the entire pre-adult development
have only small overlap: e.g. less than 5% of the data
points is shared. This means that the models for the
different response variables are based on different
datasets, and these are apparently contradictory.
The shorter pre-oviposition period and higher
fecundity at low temperatures, and a greater longevity
across all temperatures may provide an advantage in
the early stages of invasion, when population densities
are low, because it speeds up population growth and
may help overcome Allee effects that are associated
with small population sizes (Hill et al. 2011). Our
conclusion that invasive populations have a higher
fecundity at low temperatures and live longer at all
temperatures than native populations, is in line with
Tayeh et al. (2015). Higher fecundity, shorter pre-
oviposition period, and a greater longevity may, of
course, not be the only causes for the invasion success
of H. axyridis. Additional factors explaining the
invasion success of H. axyridis in northern Europe
are significantly higher survival during the winter
(Raak-van den Berg et al. 2012b), higher immature
survival (Raak-van den Berg 2014), higher fecundity,
higher longevity, more generations per year (Roy et al.
2016), and dominance in intraguild predation when
compared with native European species (Pell et al.
2008; Raak-van den Berg et al. 2012a). Harmonia
axyridis is also better defended by chemical deterrents
(Sloggett et al. 2011), its immune system (Firlej et al.
2012), its larval morphology with dorsal spines (Pell
et al. 2008), and its greater ability to escape from
attack (Hautier 2003) than native species. Also, it has a
strong dispersal capacity. During its invasion of
Europe it has spread at rates estimated between 100
and 200 km year-1 (Brown et al. 2011) and Lombaert
et al. (2014) showed that several traits related to
dispersal have evolved in less than a decade. Further,
H. axyridis populations may have profited until now
from lack of natural enemies (Roy et al. 2011) as it
invaded without or with few of its native natural
enemies, and/or the natural enemies in the invaded
area are not (yet) effectively attacking the exotic
species (Haelewaters et al. 2017; Raak-van den Berg
et al. 2014). As is often the case, there is likely to be no
single cause of the observed patterns, and the success
of H. axyridis in the invaded areas may well be the
consequence of a combined effect of the mentioned
factors. However, our paper shows that the further
unravelling of the causes of the high invasion success
by this species should certainly include the study of the
exact mechanisms leading to life-history differences
between invasive and native populations.
The results of this meta-analysis could also be used
to construct global maps of the expected yearly
population growth of invasive and native H. axyridis
in different climate zones. These would assist in
assessing the potential range of establishment of the
species (Guisan and Thuiller 2005; Poutsma et al.
2008) and could also help answering the question
whether the invasive or the native population would
perform better in different climates worldwide. Such
mapping needs modelling of its population dynamics,
but could take the results of this study to the next level,
and complement studies on specific components of the
life strategy of H. axyridis that affect its ecological
niche, such as cannibalism (Tayeh et al. 2014), male
reproductive success and female reproductive
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investment (Laugier et al. 2013), and resistance to
pathogens (Tayeh et al. 2012).
In conclusion, in this paper we have demonstrated
that invasive populations of H. axyridis differ in some
of their life history characteristics from the popula-
tions in its area of origin, which provides a starting
point for further study into the possible mechanisms
causing these differences. Such information will be
crucial to predict future scenarios with respect to the
invasion process of H. axyridis, especially in the light
of ongoing climate change. The H. axyridis case may
also serve as a model for other invasive species in this
respect. If it is known how and how fast invasive
populations respond to a novel environment by
selection, this has profound consequences for risk
assessment protocols.
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